Ferredoxin: NADP + reductase (FNR) is an FAD-containing enzyme best known for catalysing the transfer of electrons from ferredoxin (Fd) to NADP + to make NADPH during photosynthesis. It is also the prototype for a broad enzyme superfamily, including the NADPH oxidases (NOXs) that all catalyse similar FAD-enabled electron transfers between NAD(P)H and one-electron carriers. Here, we define further mechanistic details of the NAD(P)H ⇌ FAD hydride-transfer step of the reaction based on spectroscopic studies and high-resolution (~1.5 A) crystallographic views of the nicotinamide-flavin interaction in crystals of corn root FNR Tyr316Ser and Tyr316Ala variants soaked with either nicotinamide, NADP + , or NADPH. The spectra obtained from FNR crystal complexes match those seen in solution and the complexes reveal active site packing interactions and patterns of covalent distortion of the FAD that imply significant active site compression that would favour catalysis. Furthermore, anisotropic Bfactors show that the mobility of the C4 atom of the nicotinamide in the FNR:NADP + complex has a directionality matching that expected for boat-like excursions of the nicotinamide ring thought to enhance hydride transfer. Arguments are made for the relevance of this binding mode to catalysis, and specific consideration is given to how the results extrapolate to provide insight to structure-function relations for the membrane-bound NOX enzymes for which little structural information has been available.
Introduction
Plant ferredoxin NADP + oxidoreductases (FNR) are flavoenzymes that catalyse the reversible electron transfer between NADP(H) and the iron-sulfur protein ferredoxin (Fd). In photosynthesis, plastidic FNRs serve to catalyse electron transfer from Fd to NADP + via the FAD prosthetic group, and in nonphotosynthetic tissues distinct FNRs use NADPH as an electron source for the reverse reaction [1] [2] [3] . Plant type FNRs -as seen in three-dimensional structures of FNRs from cyanobacteria [4] , spinach (leaf [5] ), pea (leaf [6] ), paprika (leaf [7] ), and corn (leaf [8] and root [9] ) -are highly similar and contain two distinct domains: one for binding FAD and one for binding NADP + [10] . Importantly, this two-domain FNR-fold is also the prototype for an enzyme superfamily that uses a bound FAD or FMN to transfer redox equivalents between the hydride carrying NAD(P) + cofactors and diverse one-electron carriers [10] [11] [12] . Included among the FNR superfamily are the NADPH oxidases (NOXs), a biomedically important group of membrane-bound enzymes that produce superoxide or hydrogen peroxide as part of many signalling pathways as well as during the oxidative burst of macrophages that is a key part of our immune defenses (recently reviewed in [13] [14] [15] [16] ).
Structures of plant type FNRs and other superfamily members, such as nitric oxide synthase [17] , cytochrome P450 reductase [18, 19] and phthalate dioxygenase reductase [20] showed that NADP(H) appears to bind nonproductively to the wild-type enzymes because an aromatic side chain (a C-terminal Tyr residue in the case of plant type FNRs) sits in the site the nicotinamide ring must occupy for hydride transfer (Fig. 1A) . Deng et al. [6] resolved this mystery by showing for pea leaf FNR at 1. 8 A resolution that a mutant missing the aromatic placeholder residue (Tyr308Ser or Y308S) could bind NADP(H) tightly and in an apparently productive manner with the nicotinamide ring C4 atom adjacent to the FAD N5 atom and with a geometry reasonable for hydride transfer. The Y308S mutant bound its cofactor so tightly that NADP + copurified with the enzyme. This mutant also showed an unexpected 500-fold change in cofactor specificity as the stronger binding of NAD(H) increased its steady-state turnover [21] , but the stronger binding of NADP(H), decreased its steady-state turnover, not because of impaired hydride transfer but because the NADP + binding was so tight that k off became rate limiting [4, 21] .
With the support of spectroscopic studies, it was concluded that the wild-type enzyme binds NADP(H) in a bipartite fashion in which the 2 0 -P-AMP binds strongly to anchor the cofactor to the enzyme and the thermodynamics of nicotinamide displacing the aromatic placeholder is such that the nicotinamide ring remains largely in a solvent exposed conformation ('nicotinamide-out') and is in rapid equilibrium with a smaller population of molecules in which the aromatic placeholder swings out and the nicotinamide ring takes its place ('nicotinamide-in' conformation) to allow for hydride transfer. The Tyr to Ser mutant changes the binding thermodynamics so that the nicotinamide is 100% 'in'. Since that report, studies of aromatic blocker variants of other superfamily members have shown a consistent geometry for the 'nicotinamide-in' nicotinamide-flavin interaction [4, 19] (Fig. 1B) as well as changes from 50 to 1000-fold in NADP + vs NAD + specificity [4, [22] [23] [24] [25] .
Although there is considerable structural information about FNRs and FNR-like modules in related enzymes, the mechanism of hydride transfer is still not fully understood. For instance, the previous NADP(H) complexes of the pea FNR mutants gave indications that the C4 in the nicotinamide ring of NADP + was mobile in a way that could favour hydride transfer [6] , but higher resolution data are needed to better define the details of this mobility. Also, it has been proposed that the geometry of the complex seen in the structures that have the aromatic placeholder mutated are artefacts that are not relevant to catalysis [26] [27] [28] . Here, we obtain further insight into the hydride-transfer step in FNR-like enzymes by combining spectroscopic studies and a series of higher resolution structures of FNR crystals soaked with nicotinamide, NADP + , or NADPH. To accomplish this, we chose corn root FNR, for which crystals of the wild-type enzyme diffract to near 1 A resolution [29] . We also argue for the general relevance of these insights for broader members of the FNR superfamily, including the NOX enzymes, which is further supported by the very recent structures of the core catalytic subunit domains of NOX5, published while this work was under review [30] .
Results and Discussion

Strategy
An inspection of the molecular packing in the welldiffracting crystals of corn root FNR that we reported earlier [9, 29] revealed that the NADP(H) binding site was not involved in crystal packing interactions. We hypothesized that we could obtain high-resolution structures of NADP(H) complexes of this enzyme by making mutants of Tyr316, the aromatic blocking residue. Not knowing which mutant would be more informative, we mutated Tyr316 to Ala (Y316A), Ser (Y316S), and Phe (Y316F). Crystal structures of NADP + soaks of Y316F FNR showed no nicotinamide binding, so this variant was not subjected to further study. For Y316S and Y316A, however, we present extensive characterization of the in-solution spectroscopic and catalytic properties, as well as crystal structures and in some cases the in-crystal spectroscopic properties of their complexes with NADP(H).
Solution properties of mutants
Wild-type and mutant enzyme forms were produced in Escherichia coli and purified essentially as reported elsewhere [9] . The two protein variants were expressed at slightly lower levels than that the wild-type enzyme, and their purification required additional hydrophobic interaction chromatography on butyl Sepharose. This resulted in a substantial drop in overall yields, which in the case of Y316A was low enough to preclude its full functional characterization. As shown in Fig. 2A , the two replacements induced very similar perturbations in the visible absorption spectrum of the flavoprotein, strongly reminiscent of those observed in the equivalent Tyr to Ser replacement in both pea and Anabaena FNRs [9, 31] . Phenol -a mimic of the Tyr side chain -was found to induce a spectral change in Y316S that qualitatively matched the difference between the absorption spectra of the wild-type and the variant protein (Fig. 2B) , implying that it can stack against the isoalloxazine ring in the active site pocket. However, the affinity of Y316S FNR for phenol was too low to allow the accurate determination of the K d of the complex.
Titrations with NADP(H)
Anaerobic titration of oxidized Y316S FNR with NADP + induced perturbations in the visible absorption spectrum of the FAD prosthetic group (Fig. 3 ) very similar to those observed for the Y308S mutant of pea FNR [6] . The K d of the complex was estimated to be ≤ 0.02 lM, well below that of the wild-type complex (0.3 lM) [9] . Whereas no interaction between NAD + and wild-type FNR was detectable spectrophotometrically, NAD + induced in Y316S FNR a spectral shift virtually identical to that produced by NADP + , displaying a K d of 145 AE 5 lM (Fig. 3) .
Next, using an EDTA-deazariboflavin system, stepwise anaerobic photoreductions of the FAD group of wild-type and mutant FNR forms were done in the absence and in the presence of roughly equimolar amounts NADP + or NAD + (Fig. 4) . These showed that the Y316S replacement decreased the amount of FAD semiquinone accumulated during the process and greatly increased the intensity of the broad long wavelength (~800 nm) absorption band attributable to charge-transfer electronic transitions of the interacting oxidized nicotinamide and 2-electron reduced flavin [9] . Upon complete reduction of the system, the charge-transfer band disappeared implying that the limited amount of NADP + present became reduced and no charge-transfer interaction occurs between the reduced flavin and NADPH. Furthermore, the presence of NADP + favoured the protonation of the dihydroquinone form of the prosthetic group of Y316S FNR, as indicated by the shift from 360 to 420 nm of the local maximum of the spectra of the fully reduced species (Fig. 4) 'nicotinamide-in' species an equilibrium should exist between two charge-transfer complexes depending on whether the nicotinamide or the flavin is in the reduced state. Charge-transfer complex 1 (CTC-1) has the nicotinamide ring of NADPH interacting with oxidized flavin (i.e. FNR ox :NADPH) and an absorption band with a maximum near 600 nm, and charge-transfer complex-2 (CTC-2) has the nicotinamide ring of NADP + interacting with reduced flavin (i.e. FNR red : NADP + ) and a broad absorption band with a maximum at ca. 800 nm [32, 33] . The spectra at one equivalent of NADPH show that for wild-type the CTC-1 absorption band dominates (Fig. 5A) , whereas for both mutants the CTC-2 band dominates (Fig. 5B,C) , apparently accounting for~90% of the population, based on the level of reduced flavin reduction as indicated by A 460 . For the two mutants, the CTC-2 band is maximal at roughly one equivalent NADPH and decreases to about half of that height as the concentration of NADPH is increased to an~135-fold excess (Fig. 5B,C) . The further additions of NADPH presumably result in the progressive decrease in the amount of CTC-2 due to the partial displacement of NADP + by NADPH. For the wild-type enzyme, the amount of CTC-1 similarly decreases as NADPH concentration increases, but it is progressively replaced by a species attributable to a complex between NADPH and FNR carrying an FAD semiquinone. We do not understand how the semiquinone is formed under these conditions, but wonder if it may reflect some flavin disproportionation between the CTC-2 and CTC-1 complexes or is the result of a small amount of residual oxygen or other one-electron acceptor in the titrating NADPH solution. Prolonged incubation of NO synthase with NADPH was also seen to promote semiquinone buildup [34] .
Spectral properties during turnover as an NADPH oxidase
To monitor the spectral changes that occur during steady-state NADPH oxidase activity of FNR, air was admitted into the anaerobic cell after the titration was complete and NADPH was > 100-fold in excess. In each case, the enzyme underwent turnover until the NADPH was all converted to NADP + . For wild-type FNR (Fig. 5D ), as has been seen before [9] , there was substantial stabilization of the blue semiquinone form of FAD in the early parts of the reaction and CTC bands were hardly detectable. For Y316S FNR (Fig. 5E ), less FAD semiquinione built up and the reaction had two distinct phases. During the first phase, the CTC-2 concentration progressively increased until at~15 min it reached~65% of the maximal value observed during the anaerobic titration (thin red line), then it decreased to near zero. The final spectrum (at~1.7 h) had the 456 nm band shifted as is characteristic of an oxidized enzyme in complex with NADP + (Fig. 5E ). The behaviour of Y316A FNR ( Fig. 5F ) was qualitatively similar to that of the Y316S form, but with the reaction slowed by about 10-fold as the steady-state CTC-2 formation was reached after about 2.5 h (vs~15 min) and the reaction was complete in 17 rather than 1.7 h. The Y316A variant also had still less stabilization of the FAD semiquinione, and its maximal CTC-2 accumulation during turnover was~85% of the highest amount observed in the anaerobic titration (thin red line). The slower reaction and higher CTC-2 buildup are consistent with the k off for NADP + being slower for the Y316A mutant. Also, the destabilization of the semiquinone seen in these variants mirrors what was seen for the corresponding mutants of Anabaena FNR [31] and NO synthase [22, 34] .
Ferricyanide reductase activity
For the wild-type enzyme, ferricyanide is the most effective electron acceptor from reduced FNR, with k cat = 520 s À1 [9] . The Y316S and Y316A replacements impaired the steady-state diaphorase activity of FNR to a similar extent, and k cat and K NADPH m values determined for the Y316S variant were ca. 170 and 9-fold lower than those of the wild-type enzyme (Table 1) [9] , respectively. Such large catalytic impairment parallels that reported for the Tyr to Ser variants of pea and Anabaena FNRs [21, 31] , with the slower turnover shown to be limited by the rate of NADP + (i.e. product) release. Consistent with this, we found that nicotinamide partially rescued the diaphorase activity of Y316S FNR in a concentration-dependent fashion, increasing its k cat to 280 s À1 at 800 mM nicotinamide (Table 1) . As has been noted previously [2, 6] , by competing with the corresponding moiety of NADP + for stacking onto the flavin, nicotinamide will favour product dissociation and speed enzyme turnover if the k off of NADP + is rate limiting.
Interactions with small-molecule ligands
The findings that added nicotinamide increased the catalytic activity of Y316S FNR, prompted us to quantify the affinities of nicotinamide and N-methylnicotinamide. As shown in Fig. 3A , both were found able to interact with Y316S FNR, although only the former had an affinity high enough for its K d value to be determined (3 AE 0.1 mM). The difference spectrum of the Y316S-nicotinamide complex was blue-shifted by ca. 7 nm with respect to that of the NAD(P) + complexes, but the spectral change induced by Nmethyl-nicotinamide was almost identical to that induced by NAD(P) + (Fig. 3B ). This indicates that for Y316S FNR, N-methyl-nicotinamide but not nicotinamide is an excellent mimic of the redox-active moiety of the dinucleotides.
Reanalysis of stopped-flow results reported for Anabaena FNR
As noted in the introduction, in earlier work Lans et al. [26] called into question the relevance of the NADP(H) complexes that form in FNR when the aromatic placeholder is mutated. The origin of this view came from stopped-flow results for the Tyr303Ser (Y303S) mutant of Anabaena variabilis FNR. Per their interpretation, these results showed that Y303S promoted the hydride transfer from NADPH to FNR ox 'slightly slower than the wild-type enzyme' but that 'the reverse process is undetectable' (e.g. hydride transfer from FNR red to NADP + does not occur). This interpretation was based on the observation that when NADP + was mixed with Y303S FNR red the CTC-2 (~800 nm) charge-transfer band that formed upon mixing did not substantially decrease over time (see Fig. 3A ,B of Lans et al. [26] ). While the conclusion that no hydride transfer occurs is consistent with the unchanging CTC-2 band, there could be other explanations. We were skeptical of the inference based on the thermodynamic principle that if the Y303S mutant catalysed hydride transfer from NADPH to FNR ox it must equally well catalyse the reverse hydride transfer from FNR red to NADP + , and based on our photoreduction studies (Fig. 4 above) which implied that Y316S-bound NADP + is converted to NADPH. To clarify this question, we reanalysed the Lans et al. [26] stopped-flow data for NADPH mixed with Y303S FNR ox and for NADP + mixed with Y303S FNR red . Importantly, in the original work, when NADP + is mixed with Y303S FNR red , even though the 800 nm band changes little over time, the~460 nm peak systematically increases indicating that oxidation of FAD is occurring. Lans et al. attributed this to a 'side effect' rather than enzymatic activity; however, when comparing these spectra with those for NADPH mixed with Y303S FNR ox , it is striking that both reactions appear to reach the same endpoint, as would be expected if Y303S FNR were reaching the same equilibrium state independent of the direction of approach. Given this observation, we reanalysed the reported stopped-flow results for both reactions using the changes in A 460 [26] for the forward reaction using the much more extensive original data set. This revised interpretation is consistent with all the data and with basic thermodynamic principles, and implies that the nicotinamide-flavin interaction consistently formed in the aromatic placeholder mutants is in fact productive and relevant for understanding catalysis.
Crystal structures of Y316S and Y316A NADP(H) complexes
Cocrystallization of both FNR variants with nicotinamide yielded crystals that grew readily and could be soaked with NADP + or NADPH to obtain those complexes. Interestingly, the variants crystallized in two space groups, both the P3 2 21 form seen for wild-type protein [9] and a new P3 1 21 crystal form that had remarkably similar unit cell dimensions and related crystal packing. Here, we report a set of eight refined crystal structures of complexes that represent the Y316S and Y316A variants in complex with three ligands (NADP + , NADPH, and nicotinamide) with most structures refined at between 1. 35 A and 1.6 A resolution (Table 2 ) and having very well defined active site electron density (Fig. 7) . As the corresponding complexes of Y316S and Y316A largely show equivalent features, we focus mainly on the highest resolution set of structures that provide unique information.
To check whether the complexes in the crystal represent those that form in solution, we obtained singlecrystal absorption spectra [35] during data collection for a pair of Y316A crystals soaked with NADP + and NADPH. These spectra qualitatively match those obtained in solution and indicate that even though the X-ray beam does cause reduction of the FAD, this does not undermine the relevance of the structures (Fig. 7) . Also, since Y316S and Y316A both predominantly form CTC-2 after an NADPH soak (e.g. Fig. 5B,C) , we have modelled the NADPH soak structures as an NADP + :FADH 2 complex rather than NADPH:FAD.
In the following sections, we first provide a basic description of the complexes and then focus on three detailed aspects of complexes that provide evidence of compression in the active site for enhancing catalysis. In our structural comparisons, the unliganded wildtype structure we use is a 1.05
A resolution structure refined much earlier (PDB entry 3LO8; released in 2010) and used in tests of new refinement strategies [36] . As the statistics for this structure have not yet been described in the literature, they are included in Table 2 .
Overview of the NADP(H) complexes
Globally, all Y316S and Y316A complexes, independent of space group, are very similar to the wild-type Briefly, the 2 0 -phosphate anchor hydrogen bonds with the side chains of Ser237, Arg238, Lys247 and Tyr249, and the adenine is sandwiched between Tyr249 and Leu276. The 5 0 -phoshoryl group is largely exposed and the nicotinamide-side phosphoryl group hydrogen bonds with the Thr175 N and the Arg114 guanidinium group. The nicotinamide is surrounded by a triad of key side chains, with Ser94 and Glu314 hydrogen bonding with the nicotinamide carboxamide nitrogen and Cys274 and Ser94 close to the C4 atom (Fig. 7A) . In the higher resolution structures of Y316S, an alternate conformation for the nicotinamide ribose is also observed. In Y316S NADP þ and Y316S NADPH soaks in both space groups, the nicotinamide ribose is modeled as 60% 2 0 -endo and 40% 3 0 -endo. In each Y316A structure, the nicotinamide ribose adopts a single conformation, but in Y316A NADP þ it is 2 0 -endo and in Y316A NADPH it is 3 0 -endo. The reason for these conformational differences is not readily apparent but their presence suggests that they are the result of real but subtle differences in nicotinamide binding. change during data collection. Spectra collected corresponding to oscillation images 0, 10, 20, 50, 100 and 360 go from light to dark shades of pink. These spectra qualitatively match those seen in solution in that the CTC-2 absorption band is seen for the crystals soaked in NADPH but not in those soaked in NADP + . The decrease in A 460 over time indicates reduction of the flavin in the X-ray beam during data collection. Over time, the CTC-2 band does not disappear in the NADPH soaked crystal and does not appear in the NADP + soaked crystal so, we infer that at the cryo-temperatures of data collection, the flavin reduction is not leading to the same structural changes it would lead to in solution.
The complexes with free nicotinamide
Surprisingly, the binding mode seen in nicotinamide soaks differs for Y316A and Y316S (Fig. 3C) . In Y316A nic , the nicotinamide orientation and hydrogen bonding roughly match how the NADP(H) nicotinamide binds. However, in Y316S nic , the nicotinamide binds in a flipped orientation that is stabilized by a hydrogen bond between Ser316-Oc and nicotinamide-N1 as well as hydrogen bonds of the nicotinamide hydroxyamide with Ser94-Oc and Thr 175-Oc and O atoms (Fig. 3C ). Since this binding mode involves Ser316 as a hydrogen-bond partner, we conclude it is an artefact of the Y316S mutation. Also, the existence of the nicotinamide N1 to Ser316-Oc hydrogen bond in this complex means that neither NADP(H) nor even N1-methyl-nicotinamide could adopt it. This provides a satisfying explanation for why nicotinamide binding to Y316S yields different spectral changes than NAD(P) + , whereas methyl-nicotinamide binds less tightly, but with spectral changes that match those of NAD(P) + (Fig. 3B) . It also serves as a reminder of the need to be cautious in inferring the binding mode of a molecule of interest based on that of an analogue.
The nicotinamide-flavin interactions in the NADP + / NADPH complexes
While the overall structures of the FNR variants are virtually superimposable, subtle differences exist in the details of nicotinamide binding seen in the NADP + and NADPH soaks, and having the structures for the two mutants allows us to gain confidence about which variations are reliably due to the difference between the active site redox state rather than the specific mutation or to experimental uncertainty. In terms of the active site, the difference between the structures is a single H atom: the NADP + soaks with oxidized flavin and nicotinamide have one H atom on the nicotinamide C4 and no H atom on the flavin N5, and the NADPH soaks to produce CTC-2 have one H atom on the nicotinamide C4 as well as one H atom on the flavin N5. (The CTC-1 complex would have the same number of H atoms but distributed with two on the nicotinamide C4 atom and none on the flavin N5 atom.) As described in the following paragraphs, the high-resolution structures provide evidence that the single additional H atom increases active site crowding and a directional compression that we propose is a key promotor of catalysis.
A first line of evidence is provided by the temperature factors of the C4 atom of NADP + compared to NADPH. In our earlier work on pea FNR [6] , a higher conformational freedom of the NADP + C4 atom was indicated by weaker electron density (and higher B-factors) for this atom in NADP + compared to NADPH; but at 1. 8 A resolution, this was not conclusive. Our higher resolution analyses here similarly show the additional mobility of the C4 atom of NADP + but also provide refined anisotropic Bfactors that give a more complete description of dynamics than do isotropic B-factors. The anisotropic B-factors very clearly show that the increased movement for the C4 atom of NADP + is perpendicular to the plane of the ring and towards N5 of the FAD (Fig. 8A ). This type of motion exactly corresponds to motions that would allow the nicotinamide ring to form a boat-like conformation that calculations show will promote efficient hydride transfer [37] .
A second observation of crowding derives from a visible distortion of the FAD isoalloxazine. In wild-type FNR, the isoalloxazine group appears to be pushed slightly by the Tyr316 side chain so that it is not coplanar with the N10-C1 ribose bond, but is about 3.5°non-planar (Fig. 8B) . In all FNR variant structures soaked with NADP + , this nonplanarity increases to~10°, and in the structures soaked with NADPH it increases further to~14° (Fig. 8B) . These deviations from planarity imply that the nicotinamide displacing the Tyr316 side chain leads to a more tightly packed active site and that the additional H atom in the active site present in the NADPH soaks increases crowding even more, with the isoallozaxine bending to relieve apparent pressure. It should be noted that the highly crowded complex seen in the NADPH soak is the one that is present during normal catalysis.
A third observation that completes the view of the tightly packed active site of FNR is the interaction distances of the nicotinamide C4 and H4 atoms that are involved in hydride transfer (Fig. 8C) . In all structures, these atoms are sandwiched between the flavin N5 atom in front and the Cys274-Sc sulfhydryl behind, where it can act as a backstop. In comparing the Y316S NADP þ complex to the Y316S NADPH complex which has an additional H atom on the flavin N5-atom, the C4. . .N5 distance increases by~0.3 A while the C4H. . . Sc distance decreases by~0.1 A (Fig. 8C ). Taking into account the Y316A complexes (Fig. 8C) , the consistent increase of the C4. . .N5 distance in the NADPH complex leads us to conclude that Cys274 acts as a firm backstop while the isolloxazine bends away from the nicotinamide by an additional~4°in order to increase the distance between the flavin and nicotinamide and relieve the pressure due to the presence of the extra H atom.
These observations lead us to conclude that the active site is experiencing compression, distorting the FAD and pushing the substrates together to enhance catalysis by aligning the substrates in an optimal position and, as has been noted by others, potentially promoting a quantum tunnelling mechanism of hydride transfer [26] .
Insights into factors promoting hydride transfer in FNRs
Taken along with our reanalysis of previous stoppedflow kinetics work that called the relevance of aromatic placeholder FNR mutants into question, these in-solution spectroscopy, single-crystal spectroscopy and high-resolution structures provide insights into hydride transfer in FNRs using variants which have near wild-type hydride-transfer kinetics, but importantly, allow us to capture the productive binding mode of NADP(H) in the active site. Such productive complexes have not been possible to capture in any wild-type member of the FNR superfamily with an aromatic placeholder residue (e.g. [5, [17] [18] [19] [20] ) or that instead have a C-terminal peptide extension as an alternate way to block nicotinamide binding [3, 38] . , and all standard deviations were < 0.02 A. The C4H and N5H distance in Y316S NADPH is 3.0 A (not labelled). If modelled as FADH 2 instead of FAD, the theoretical distance between C4H and N5H in Y316S NADP þ would be 2.5 A. Nitrogen, oxygen and sulfur atoms coloured blue, red and yellow, respectively.
They have also been challenging to obtain for superfamily enzymes that have a shifted domain-domain interaction [39, 40] instead of an aromatic blocking residue, but for one of these enzymes, cytochrome b5 reductase, anaerobic cocrystallization has yielded a productive, wild-type complex with NADH in which the nicotinamide-flavin interaction geometry is much like that seen here [41] . The high-resolution structures reported here illustrate the role of specific anisotropic motions as well as active site compression as catalytic strategies that promote hydride transfer. Key evidences are the anisotropic motion of the C4 atom of NADP + , that indicates boat-like perturbations in conformation are a preferred mode of vibrational freedom, as well as a strong decrease in the amplitude of that motion in the NADPH complex. Additionally, there is an incrementally increasing deviation from planarity at the flavin N10 atom in wild-type, Y316S NADP þ , and Y316S NADPH indicating increased crowding and pressure associated with oxidized nicotinamide binding and even more so with reduced nicotinamide binding that is being relieved to some extent by bending of the flavin. Interestingly, a very similar flavin nonplanarity was seen in the cytochrome b5 reductase-NADH complex (see fig. 3a of [41] ). Finally, comparison of Y316S NADP þ and Y316S NADPH reveal close sub-van der Waals contact distances consistent with a tightly packed active site. The central role of Cys274 in these interactions provides a rationale for its conservation across the whole superfamily. While steric compression has occasionally been noted as a key factor promoting catalysis for other enzymes [42] [43] [44] [45] , there are a limited number of studies which provide direct structural evidence for this [46] [47] [48] [49] [50] , as this typically requires atomic or near-atomic resolution crystal structures. Also, that the Y316S and Y316A variants of corn root FNR, like similar mutants of other FNR superfamily members [22, 31, 34] , show much less stabilization of the FAD semiquinone, is consistent with an earlier proposal [31] that the aromatic side chain is not solely a passive placeholder for the nicotinamide group, but, through its stacking interaction with the flavin, is an active agent that stabilizes the semiquinone form of the flavin to enhance the one-electron transfers required for these dehydrogenase-electron transferases.
Extrapolation of the results to the FNR superfamily members such as NOX enzymes
Clarifying the relevance of the NADP + binding mode seen in the Tyr316 mutants is not just of interest for understanding catalysis for the whole superfamily, but can guide further studies of these enzymes as well as the generation of superfamily member variants that can be valuable tools. For instance, for the NOX enzymes that play crucial roles in the production of superoxide and hydrogen peroxide for diverse biological processes, the FNR-like module is at the C-terminus of a membrane-bound flavocytochrome catalytic subunit that has been relatively difficult to study [14] . Although a NOX structure has long eluded structural biologists, a crystal structure of the FNR-like module of NOX5 from Cylindrospermum stagnale (referred to as the NADPH-dehydrogenase domain) was solved while this work was under review [30] . Sequence alignments of FNR with human NOXs aided by the C. stagnale NOX5 structure (Fig. 9A) show that the NOX isozymes conserve many NADP + -binding residues including the nicotinamide-interacting residues equivalent to corn root FNR Ser94, Cys274, Glu314 and Tyr316 (Phe693 in C. stagnale NOX5).
The NOX5 FNR-like module itself was unstable and crystals were only obtained for a construct with a 'hyperstabilizing' C-terminal extension that included a Trp two residues after Phe693. Notably, in this structure, the expected natural C-terminal aromatic placeholder (Phe693) does not stack against the isoalloxazine, and, because the anticipated fifth b-strand of the NADP + -binding domain is perturbed and moved away from the protein core, the Trp residue is able to stack against the isoalloxazine ring instead (Fig. 9B) . However, if the NOX5 chain followed the path of the b-strand seen in other FNR superfamily members, Phe693 could stack against the isoalloxazine and we propose that this is what occurs in the native enzyme. Magnani et al. [30] noted that the isolated dehydrogenase domain is deregulated and predicted that the normal role of the strictly conserved C-terminal aromatic residue would 'emerge only in the context of a full-length protein'. We agree and further suggest that the instability of the isolated dehydrogenase domain and the loose association of the C-terminal segment (including Phe693) is related to the missing cytochrome transmembrane domain and associated lipid bilayer that interact with this surface of the dehydrogenase domain in a full-length complex (see fig. 5A of [30] ).
Consistent with the weak association observed for Phe693 with the protein core in the isolated dehydrogenase domain, a Phe693Ser mutant had higher than wild-type activity and the stabilizing C-terminal extension mutant (adding the Trp695) dropped activity by 5-fold [30] . Nevertheless, we predict that in the context of a full-length membrane-bound NOX, Phe693 will act as an aromatic placeholder residue and that Ser or Ala mutants will bind both NADPH and NADH more tightly. Such mutants could provide a useful handle for purification (through the tight binding of NADP + ) or be a useful tool for probing/controlling the physiological roles of NOXs. A solely NADH responsive version could potentially be made through additional mutations such as the equivalent of FNR Ser237 to Asp (Fig. 9) , as this position has been shown to discriminate against binding the 2 0 -phosphoryl group in multiple superfamily members [51] [52] [53] [54] . Interestingly, a full-length human NOX2 C-terminal Phe mutant (F570A) was characterized in 1998 and found to retaiñ 50% of the wild-type activity [55] rather than dropping 300-800 fold in activity as had been seen for the equivalent pea FNR mutant, and so it was not studied further. However, this study predated the knowledge that the equivalent FNR mutant lost activity due to the slow dissociation of NADP + and also gained activity with NADH [9, 21] , so those qualities of the variant were never characterized. In retrospect, given that the NOX2 K d for NADP + is~40 lM (over 10-fold higher than is typical for FNRs) and the turnover number is slower, it would not be surprising if the expected enhanced binding of NADP + in the F570A variant would not be enough to make its dissociation highly rate limiting. Indeed, for NO synthase the equivalent mutation only showed about a 3-fold decrease in steady-state turnover, yet still showed a 50-fold change in specificity [22, 34] .
Materials and methods
Production of recombinant corn root FNR and its variants
Plasmids for the bacterial expression of the Y316A and Y316S proteins were generated from the pETrFNR2 [9] domain of NOX5 which is perturbed and allows the Trp residue to stack against the isoalloxazine ring is highlighted (purple trace) and an arrow indicates the direction we expect it to move in the full-length NOX5 context so that it will align with the rest of the b-sheet as does the fifth b-strand in FNR. The deposited structure of the NADPH-binding domain of NOX2 gp91(phox), determined through structural genomics efforts (PDB 3A1F) but not yet described in the literature, also aligns well in a structural overlay.
using the QuikChange II Site-Directed Mutagenesis kit (Agilent Technologies Italia, Cernusco sul Naviglio, Milano, Italy) and two appropriate oligonucleotide couples following the manufacturer directions. The wild-type and variant proteins were produced in E. coli HMS174(DE3) by induction with 0.1 mM IPTG for 4 h at 30°C, and purified through a procedure similar to that previously reported for the wild-type protein [9] using an € AKTA FPLC (GE Healthcare Italia, Milano, Italy) apparatus. Briefly, the crude cell lysate was brought to 40% NH 4 SO 4 and centrifuged. The supernatant was applied to a Sepharose 4B column (GE Healthcare), eluted with appropriate buffer and precipitated with 75% (NH 4 ) 2 SO 4 . In the case of the protein variants, the pellet was resuspended in 40% (NH 4 ) 2 SO 4 and chromatographed on a butyl Sepharose column (GE Healthcare) with a descending salt concentration gradient. The omission of this step prevented the adsorption of the FNR forms on the next cation exchange resin. After desalting, the sample was loaded on an SPSepharose HP column (GE Healthcare) and eluted through a NaCl concentration gradient. Notably, the visible spectra of both mutant forms, but not the wild-type enzyme, underwent a blue shift during the ion exchange step, suggesting release of some unidentified bound ligand at that stage. The resulting proteins were homogenous as judged by SDS/PAGE. The FNR forms were concentrated tõ 25 mgÁmL À1 and stored at À20°C in 10 mM HEPES, pH 7.0.
Spectral analyses and ligand binding
All spectrophotometric measurements and steady-state enzyme kinetics were performed using an 8453 diode-array spectrophotometer (Agilent). Titration with NADP + , NAD + , phenol, nicotinamide and N-methyl-nicotinamide of the enzyme forms in their oxidized state were performed in 10 mM Tris-HCl, pH 7.7, at 15°C.
Photoreductions, anaerobic titrations and activity assays
Flavin photoreduction experiments were carried out both in the absence and in the presence of NADP + or NAD + in anaerobic cuvettes in 10 mM HEPES-NaOH, pH 7.0, at 15°C, according to the procedure described elsewhere [9] . Anaerobic titrations with NADPH of 14-18 lM wildtype, Y316A or Y316S FNR variants were performed on 1.2 mL samples in 50 mM HEPES-NaOH buffer, pH 7.0, at 15°C, in a sealed cuvette. After recording the spectrum of the oxidized enzyme, five successive additions of anaerobic NADPH were made leading to ligand concentrations of 29 lM, 39 lM, 76 lM, 182 lM and 1.9 mM for wild-type titrations, 23 lM, 45 lM, 90 lM, 210 lM and 2.2 mM for FNR Y316A titrations, and 24 lM, 48 lM, 95 lM, 225 lM and 2.3 mM for FNR Y316S titrations, respectively. In each case, the volume after the final addition of NADPH was 1.4 mL. For each FNR form, the cuvette was then opened to air, and the spectrum of the mixture (kept at 15°C) was monitored at over time until all the NADPH was oxidized. For technical reasons, the spectra for wild-type FNR during O 2 turnover was produced from a separate sample also prepared with 2.4 mM NADPH.
NADPH-K 3 Fe(CN) 6 reductase activity assays were performed in 100 mM Tris-HCl, pH 8, at 25°C, at different concentrations of both substrates, as reported elsewhere [56] . As needed, nicotinamide was included in the assays at concentrations ranging from 50 to 800 mM.
Reanalysis of stopped-flow results reported for Anabaena FNR Spectra ( fig. 3 in [26] ) were enlarged by~345% and printed. The height of each peak at~460 nm corresponding to the flavin oxidation state was measured in cm from the baseline of the spectra (À0.025 AU). The peak height at time 0 for FNR red with NADP + (corresponding to fully reduced flavin) was taken as a baseline and used to normalize the measurements by subtracting this height from the other peak heights of the corresponding variant. Whereas the final spectra (0.2547 s) for wild-type FNR for both FNR red with NADP + and FNR ox with NADPH matched in both peak height and shape, the final spectra (0.2547 s) for Y303S FNR varied slightly in peak height but both correspond to achieved equilibrium so were normalized to each other by subtracting the difference between the final peak heights from the measured peak heights for Y303S FNR red with NADP + . Taking the peak height at time 0 for FNR ox with NADPH to correspond to fully oxidized flavin, the percentage of oxidized and reduced flavin and corresponding concentration of product (using the provided concentrations of 25 lM FNR and 125 lM NADP(H)) were calculated. A plot of concentration of product (lM) versus time (s) were fitted using GRAFIT 5 (Erithacus Software Limited, Horley, Surrey, UK) with a single-exponential decay equation to estimate the apparent rate constants of the hydride-transfer reactions.
Crystallization and structure determinations
Initial cocrystallization trials of the corn root FNR variants with NADP + used similar conditions to those used for the wild-type enzyme [9] but yielded only ill-formed small crystals that grew very slowly. Solving their structure revealed that they contained a bound nicotinamide moiety rather than NADP + , so cocrystallization with nicotinamide was tried, and crystals grew readily. [9] ) and fewer hexagon-shaped crystals belonging to space group P3 1 21. Soaks of the nicotinamide-bound crystals were done aerobically at room temperature with either 10 mM NADP + or 10 mM NADPH for 1 h to obtain desired complexes before being flash frozen.
Data collections
For data collection, crystals were pulled through oil and flash frozen in liquid nitrogen. In-house data were collected at 140 K on a Rigaku RU300 Cu-Κa rotating anode X-ray source running at 50 kV and 100 mA equipped with a Raxis IV image plate detector. Synchrotron data were collected at beamline 5.0.1 or 5.0.3 at the Advanced Light Source (Lawrence Berkeley National Laboratory, Berkeley, CA) at 100 K. Oscillation images were collected with Dφ = 1°and were processed using Denzo and Scalepack [57] or iMosflm [58] and SCALA [59] . Unit cell parameters and data reduction statistics for each FNR variant are given in Table 2 . In addition, data sets with Dφ = 0.5°and simultaneous single-crystal visible absorption spectra were collected by Dr. Allen Orville at a National Synchotron Light Source beamline as described in [35] .
Structure solutions and refinements
All P3 2 21 FNR variant crystals were isomorphous with the published wild-type corn root FNR structure (PDB code 3LO8 [36] ), and this was used as the starting model for the first refinement, with additional refinements built on partially refined models of the most similar structure. The P3 1 21 crystal form was trivial to solve by molecular replacement and these structures were then similarly refined. The same 10% of data were set aside for cross-validation [60] for each structure as had been set aside for thẽ 1 A resolution refinement of the wild-type structure. Refinements were carried out by a number of researchers over many years using various versions of REFMAC [61] with Coot [62] used for manual fitting and Molprobity [63] used to help identify model problems. During iterative manual rebuilding, water molecules were added in Coot using standard criteria (> 1 q rms intensity in the 2F o ÀF c map, > 2. 4 A distance from nearest contact, no B-factors > 80 A 2 ). For making a consistent set of structures for publication, a set of final refinements of each structure were done by the lead author using Phenix [64] . During this stage, we decided to model all NADPH soaks as having an oxidized nicotinamide (i.e. NADP + ) and a reduced flavin since the spectra show that CTC-2 is present at higher amounts than is CTC-1. For structures refined with anisotropic B-factors (the P3 2 21 Y316S:NADPH, Y316S: NADP + , and Y316S:nicotinamide structures), no anisotropic restraints were used for the ligand in the final round of refinement to ensure the anisotropic B-factors of the nicotinamide atoms were based as much as possible on the diffraction data. Refinement statistics are shown in Table 2 . Structural overlays were performed using the protein structure visualization software PYMOL [65] . Also, in order to obtain a reliable representation of active site distances for Y316S NADPH , Y316S NADP þ (P3 2 21 and P3 1 21), Y316A NADPH and Y316A NADP þ structures, ten different starting models for each were generated using the 'shake' algorithm of Phenix with the setting 'modify.sites.shake = 0.5 0 . This level of coordination disruption resulted in starting R/R free values of~40%. Each of these models was re-refined and the distances between Cys274 Sc and NADP + C4H and between NADP + C4 and FAD N5
were measured. The average distances and standard deviations for each set were calculated and reported. 
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